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Abstract
Two dimensional Difference Gel Electrophoresis (2-D DIGE) and mass spectrometry were
applied to investigate the changes in metabolic proteins that occur over a seven day (day 1,
3 and 7) post mortem ageing period in porcine centrifugal exudate from divergent meat
quality phenotypes. The objectives of the research were to enhance our understanding of
the phenotype (water holding capacity) and search for biomarkers of this economically sig-
nificant pork quality attribute. Major changes in protein abundance across nine phenotype-
by-time conditions were observed. Proteomic patterns were dominated by post mortem
ageing timepoint. Using a machine learning algorithm (l1-regularized logistic regression), a
model was derived with the ability to discriminate between high drip and low drip pheno-
types using a subset of 25 proteins with an accuracy of 63%. Models discriminating
between divergent phenotypes with accuracy of 72% and 73%were also derived comparing
respectively, high drip plus intermediate phenotype (considered as one phenotype) versus
low drip and comparing low drip plus intermediate phenotype (considered as one pheno-
type) versus high drip. In all comparisons, the general classes of discriminatory proteins
identified include metabolic enzymes, stress response, transport and structural proteins. In
this research we have enhanced our understanding of the protein related processes under-
pinning this phenotype and provided strong data to work toward development of protein bio-
markers for water holding capacity.
Introduction
Increased post mortem degradation of muscle proteins has been associated with development
of, and improvement in, key pork quality traits such as tenderness and water holding capacity
(WHC) and also underpins the phenomenon of meat ageing. Numerous proteomic studies
have shown that very many of the observed post mortem proteome changes relate to these pro-
tein degradation processes [1–4]. Other studies also highlight the roles of protein oxidation
and programmed cell death in meat quality development [5–7].
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WHC is a major quality attribute of fresh meat. The ability of pork to retain its water
impacts the value, nutritional profile and consumer acceptance of pork meat [8,9]. WHC can
be measured as drip loss and is influenced by many factors such as genotype, stress load before
slaughter and pre-, peri- and post-slaughter interventions [10]. Factors that lead to variation in
WHC in meat are known to influence the muscle/meat proteome [11–13]. For example, van de
Wiel et al. [12] identified desmin as a potential marker protein for drip loss. Higher abundance
of this protein was observed in samples with low drip loss. The rate of desmin degradation was
correlated to the duration and degree of myofibril shrinkage and thereby to the phenomenon
of drip loss.
The proteomes of pork loin samples with contrasting drip loss levels have been shown in
previous studies [14,15] to differ significantly at the early post mortem timepoint of 1 day post
mortem. It is not clear whether these physiologically divergent meat samples respond differ-
ently to the process of meat ageing and thus differ closer to the point of consumption, ideally 7
days post mortem. Indeed, in pale soft exudative (PSE) meat, inferior tenderness is often
observed after ageing [16] and this is likely due to the interaction of physiology and environ-
ment to create physiological conditions that inhibit proteolysis of specific muscle proteins
[17,18]. Therefore, a proteomic approach could offer insights on meat ageing in relation to
WHC.
Proteomics has great potential to guide the discovery of biomarkers that can be used to
reduce meat quality variability and facilitate management decisions. Biomarkers are biological
indicators of some biological state or condition, often molecules such as proteins or metabolites
aiming to predict the environmental effect on phenotype [13]. The identification of a subset of
proteins (protein signatures) that have different abundance patterns across divergent pheno-
types for WHC would be of benefit for meat processors, facilitating logistical decisions. In this
study, two dimensional Difference Gel Electrophoresis (2-D DIGE) was used to investigate the
changes in metabolic proteins in porcine centrifugal exudate that occur over the post mortem
ageing period. L1-regularized logistic regression was mainly used to determine whether a sub-
set of spots/proteins could be derived which would permit samples with different levels of drip
loss to be discriminated and secondly improve our understanding of putative biomarkers of
pork water holding capacity.
Materials and Methods
Animal sampling and meat quality measurements
The samples used in the current study were selected from a panel of 31 halothane free Large
White x Landrace/Large White gilts with a similar genetic background aged six months. Ani-
mals were electrically stunned and slaughtered under controlled conditions at a live-weight of
approximately 100 kg in an EU licensed pilot-scale abattoir at Teagasc, Food Research Centre
Ashtown, Dublin. Several technological quality measurements were undertaken on the longissi-
mus thoracis et lumborum (LTL) post slaughter, namely: pH, temperature, colour and drip loss.
Loin pH and temperature were recorded from 45 min (pH 45) up 24 h post mortem using a por-
table pH meter (Orion Research Inc., Boston, MA 02129, USA) and a pH electrode (pH/mV
Sensors Ltd., Murrisk-Westport, Co. Mayo, Ireland), which was adjusted for muscle tempera-
ture before being inserted into muscles. Insertion point on the LTL was between the 10th and
11th rib. This enabled monitoring of the rate and extent of pH decline through to the ultimate
pH (pH u) at 24 h post mortem. Colour was measured from a transverse section of the LTL
muscle after 3 h blooming at 1, 3 and 7 days post slaughter using MiniScan XE Plus (Hunter
Associates Laboratory, Inc., Reston, USA), with a D65 illuminant, 10° standard observer angle
and 32 mm aperture size. Drip loss was determined according to the bag method of Honikel
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[19]. Briefly, samples (2.5 cm, 80 g) were removed from the LTL of each animal, suspended at
4°C for 48 h and reweighed. Drip loss was then expressed as a percentage of the original weight
of the steak. Further details of the methodology for the technological quality measurements are
provided in Di Luca et al., [14].
Based on criteria described in Di Luca et al., [14], samples were categorized in three phenotype
classes based mainly on drip loss and pH values, termed high drip (HDrip), low drip (LDrip) and
intermediate phenotype (IP). A full description of the parameters that allowed the identification
of animals as PSE and dark, firm and dry (DFD) has been provided in Di Luca et al., [14]. Briefly,
animals not displaying signs of PSE or DFDmeat, but showing respectively high drip loss (drip
loss ˃ 5%, pH 45 ˃ 6.17) (HDrip) and low drip loss (drip loss ˂ 2.9%, pH u ˂ 5.56) (LDrip) were
selected to specifically examine divergence in drip loss. Samples with drip loss between 3.5 and
4.4%, pH 45 ˃ 6.2 and pH u ˂ 5.8 were selected as being representative of intermediate phenotype
(IP). For each of the three quality phenotype of interest (HDrip, LDrip and IP) four animals were
selected resulting in a total of 12 animals selected, from the initial 31, for this study.
Exudate collection
From the 12 animals selected, four muscles displaying HDrip (drip loss> 5%, pH 45> 6.17, no
PSE), four showing LDrip (drip loss< 2.9%, pH u< 5.56, no DFD) and four IP (3.5< drip
loss< 4.4%, pH 45> 6.16 and pH u< 5.80) at days 1, 3 and 7 post mortem (total of 36 exudate
samples), centrifugal drip samples were collected. Exudate was collected from the muscle at
days 1, 3 & 7 post mortem following a modified protocol of Bouton, Harris, and Shorthose [20],
as reported in [14]. Briefly, three 8 g cores (12 mm diameter×2.5 cm) taken from slices of LTL
muscle from each sample were centrifuged in polyalcomer centrifuge tubes (25×89 m; Beck-
man) for 60 min (Beckman Optima™ XL - 100K Ultracentrifuge, USA). After centrifugation,
the exudate was snap frozen in liquid nitrogen and stored at −80°C until required. The protein
concentration of all samples was determined in triplicate according to a modified Bradford
assay protocol using a BSA standard [21].
2-D DIGE
Samples were compared in one experiment using 2-D DIGE (Ettan DIGE, Ge Healthcare, UK)
as described in Di Luca et al., [15]. Samples used were muscle exudate collected from each of
the three quality classes, HDrip, LDrip and IP (with four animals per class), at days 1, 3 and 7
post mortem; resulting in a total of 36 exudate samples. Using the minimal labelling technique
[22], samples and internal standard were respectively labelled with Cy5 and Cy3 dye fluors (GE
Healthcare, UK), according to the manufacturer’s instructions. Passive in-gel rehydration
using immobilised DryStrips pH 4–7, 24 cm (GE Healthcare, UK) gradients [15], in which
were loaded 50 μg of labelled sample proteins plus 50 μg of labelled pool proteins, was carried
out overnight in the dark. The isoelectric focusing was performed using Ettan IPG Phor3 (GE
Healthcare, UK) under the following conditions: 3500 V at 75000VHrs; gradient 8000 V for 10
min; 8000 V for 1Hour and holding step at 100 V. After isoelectric focusing IPG strips were
reduced and then alkylated [15]. The proteins were further separated in the second dimension
using a 12% SDS-PAGE gel at 15°C overnight in the dark by means of a PROTEAN Plus
Dodeca Cell (Bio-Rad, Hercules, CA).
Image analysis
The DIGE gels were scanned at 100 μm resolution using a Typhoon scanner 9200 (GE Health-
care, UK) at two different wavelengths (CyDye3, green laser 532 nm and CyDye5, red laser 633
nm). Two images per gel were obtained (72 in total). The scanned images were analyzed using
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Progenesis SameSpots (Nonlinear Dynamics, Durham, NC). Spots were both automatically
and manually detected to avoid undetected or incorrectly detected spots. The protein spots
detected in each image were automatically linked between the two images per gel. The most
representative gel was selected as reference and then all the gels were matched to it. Following
the spot detection and matching, spot volume were normalised and statistically analysed.
Protein spot identification
Spots that were significantly different were matched with the ones successfully characterised by
MALDI TOF/TOF or LTQ ORBITRAP XL in a previous paper [15].
Briefly, to allow an easier matching between DIGE gels and preparative gels (see below) and
to allow sufficient peptides extraction for mass spectrometric analysis, preparative gels (from
different phenotypes) were run loading four different amounts of protein (200 μg, 400 μg,
500 μg, 600 μg). The same separation conditions previously described for 2D DIGE were used.
These gels were stained with a PlusOne silver stain kit (GEHealthcare, UK), compatible with
downstream mass spectrometric analysis. The spots of interest identified by the DIGE study
were matched to the silver stained gels, manually excised and in-gel digested with trypsin
(Sequencing Grade Modified, Promega, Madison, NJ, USA).
MALDI-TOF mass spectrometric analysis was carried out with a 4800 plus MALDITOF/
TOF Analyzer (Applied Biosystems, Foster City, CA, USA), as previously described [15]. The
data obtained were screened against a porcine database (UniSprot-porcine; 06/11/09) and all
entries database (Sprot: 14/12/09).
The spots for which an unambiguous identification could not be obtained by MALDI MS
were re-analysed by nano-ESI LC-MS/MS.
A Thermo Scientific LTQ ORBITRAP XL mass spectrometer was connected to an Eksigent
NANO LC.1DPLUS chromatography system incorporating an auto-sampler, as described [15].
TurboSEQUEST (Bioworks Browser 3.3.1 SP1; Thermo Scientific, UK) was used to search
the porcine subset of the Uniprot Swissprot/Trembl fasta database (December 2009) and the
Unprot/Swissprot database (March 2009) for fully and partially tryptic peptides.
Spots that were analysed by nano-ESI LC-MS/MS were processed using PEAKS Studio 6.
Additional analysis using PEAKS Studio 6 identified a total of 22 new spots (S1 Fig) and associ-
ated proteins/peptides (S1 Table) available in the UCD-2DPAGE database (http://proteomics-
portal.ucd.ie) under the filename ‘Porcine Database’.
Differential abundance of protein spots
Following spot detection and matching across the 2-D DIGE gels, statistical analysis of the log
standardized abundance changes between groups was performed using the software incorpo-
rated in Progenesis SameSpots. Principal Component Analysis (PCA) was applied as an explor-
atory data analysis tool to visualise differences between samples [three phenotypes (12
animals) studied over three timepoints, for a total of 36 samples] [23].
Moreover, to examine the clustering patterns in the proteome data for the three phenotypes
over three timepoints, a hierarchical clustergram was obtained from all 376 normalised spots,
which were log2 transformed and zero centred (the mean of each samples was subtracted from
the datapoints for that sample). The hierarchical clustering used non-centred Pearson correla-
tions as a pairwise similarity measure (puma.princeton.edu) [23].
Identification of proteomic markers of drip loss
L1-regularized logistic regression [24] was carried out using l1-logreg software to determine if
a subset of proteins could be identified whose abundance discriminated between drip loss
Proteome Profiles Predict Pork Water Holding Capacity
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sample groupings. This type of algorithm is able to extract relevant information from large
datasets and point to a smaller number of highly significant biomarker proteins. This is a pow-
erful discriminatory method that provides the explicit probabilities of classification apart from
the class label information. In this method samples [three phenotypes (12 animals) studied
over three timepoints, for a total of 36 samples] were separated into 2 groups in three compari-
sons [HDrip versus LDrip; LDrip plus IP (considered as one phenotype) versus HDrip; and
HDrip plus IP (considered as one phenotype) versus LDrip]. Models were validated using
‘leave one out’ cross-validation resulting in explicit probabilities of classification and producing
subsets of proteins discriminating conditions. The mean accuracy from cross validation was
expressed as %.
ANOVA
For comparison with findings of the l1-regularized regression, an ANOVA was carried out.
The normalised volume of a spot was compared across groups using one way ANOVA (analy-
sis of variance) p-value 0.05. The difference between phenotypes was expressed as fold
change and calculated from the mean normalised volumes between the highest of the changes
between the three phenotypes. The biological function of the proteins identified was obtained
using PANTHER ontology analysis [25].
Results and Discussion
Differences in WHC between pork carcasses has long been an economic problem for the meat
industry [9,12,26,27]. With a view to addressing this issue, we undertook a proteomic
approach. The data obtained in the current study parallel and are complementary to the find-
ings of two recent papers which, along with this work, analysed a linked set of animals/tissues.
Previous work presented the first 2DE-based protein map of porcine muscle exudate (centrifu-
gal drip) and proteins/peptides associated with variability in exudate loss from pork meat at
one day post mortem were identified [15]. Subsequently, the pathways and processes underly-
ing the post mortem ageing period in intermediate (‘good quality’, IP) pork samples were iden-
tified, which showed the importance of post mortemmodification and degradation of proteins
in the development of meat quality [2]. Here, the post mortem protein abundance profiles (day
1, 3 and 7 post mortem) of samples with divergent levels of drip loss (HDrip, LDrip and IP)
were analysed to determine firstly, the proteins that discriminate samples in relation to WHC
using the relatively novel approach of l1-regularized logistic regression, secondly to investigate
how drip loss biomarkers across WHC phenotypes evolve at days 3 and 7 post mortem and
lastly, to determine if the ageing patterns differed among extremes of meat quality. Of particu-
lar note is that the approach taken across these three studies excluded the more well described
DFD and PSE phenotypes from the sample set, hence directing the focus on the WHC trait
uninfluenced by these conditions.
Effect of ageing and phenotype on meat quality
Our interest was in understanding the unexplained cellular variations at the protein level,
which contribute to variation in drip loss and for this reason we selected high and low drip loss
samples but excluded specific pathological conditions with known causes i.e. pale soft and exu-
dative (PSE-like) and dark, firm and dry (DFD-like) samples from the initial panel of divergent
samples. We selected samples with no significant difference in pH 45, pH 3 and pH u between
the three (HDrip, LDrip, IP) quality classes we studied. This means they did not show any
signs of PSE or DFD despite their high and low drip losses. Repeated measures ANOVA
(p 0.05) revealed no significant difference in any other meat quality trait across the three
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phenotypes (Table 1) apart from the trait of interest, drip loss. Differences were however,
observed across timepoints (p< 0.001). While the effect of ageing on important traits such as
tenderness and colour was not affected by drip loss phenotype, we observed an interaction
between ageing time and yellowness score (b) (between days 1 and 7 and between days 3 and
7 post mortem) in all three phenotypes. This finding is in agreement with other studies [28,29].
Storage of pork influences colour and the ability of pork to bloom [28,30–32], which may relate
to protein degradation processes post mortem.
Identification of protein spots using 2-D DIGE
As previously reported [15], image analysis using Progenesis SameSpots identified 376 distinct
protein spots in the centrifugal drip proteome of the samples under study. In our two previous
studies, centrifugal drip proteome changes across three different phenotypes (HDrip, LDrip
and IP) at day 1 post mortem were investigated using 12 samples i.e. n = 4 for each phenotype
[15] and proteomic changes over three days post mortem in the IP phenotype was investigated
using the 4 samples in this phenotype [2]. In the current study, samples from day 3 and 7 post
mortem of the two divergent phenotypes (HDrip and LDrip) were also included, giving a total
of three phenotypes divergent in WHC (HDrip, LDrip and IP) at three timepoints i.e. day 1,
day 3 and day 7 post mortem (36 samples). Fig 1A to 1I shows representative gel images that
have been labelled with CyDye 5 for the three phenotypes divergent in WHC (HDrip, LDrip
and IP) at day 1, day 3 and day 7 post mortem.
Centrifugal drip proteins were separated by 2-D DIGE using immobilised pH 4–7 gradients
(24 cm, linear) in the first dimension and 12% SDS-PAGE in the second dimension. Fig 1A, 1B
and 1C show, gel images of low drip (LDrip) phenotype for WHC at days 1, 3 and 7, respec-
tively. Fig 1D, 1E and 1F shows gel images of an intermediate phenotype (IP) for WHC
Table 1. Mean ± standard error of meat quality traits relevant to WHC in the LargeWhite x Landrace/LargeWhite population across seven days
post mortem.
Trait HDrip samples (n = 4) IP samples(n = 4) LDrip samples(n = 4)
Drip loss (%) 6.1 ± 1.4 3.9 ± 0.4 2.5 ± 0.3
pH 45 min 6.3 ± 0.1 6.4 ± 0.2 6.5 ± 0.2
pH 3 h 5.9 ± 0.3 5.9 ± 0.2 5.9 ± 0.4
pH 24 h 5.6 ± 0.1 5.5 ± 0.1 5.5 ± 0.1
CIE L* (Day 1) 54.8 ± 3.2 55.4 ± 2 53.8 ± 4
CIE L* (Day 3) 54 ± 2.3 54.8 ± 2.6 54.6 ± 3.7
CIE L* (Day 7) 56.3 ± 3.9 54.4 ± 3.9 55.3 ± 3.5
CIE a* (Day 1) 8 ± 2.5 7.3 ± 0.7 7.7 ± 1.7
CIE a* (Day 3) 9.3 ± 3.9 9.6 ± 3.7 10.6 ± 4.8
CIE a* (Day 7) 8.8 ± 0.7 9.3 ± 2.1 8.9 ± 1.9
CIE b* (Day 1) 15.5 ± 0.6a 15.4 ± 0.5a 15.3 ± 0.7a
CIE b* (Day 3) 14.8 ± 0.8a 15.5 ± 0.5a 14.8 ± 1.3b
CIE b* (Day 7) 16 ± 1.1b 16.7 ± 1.1b 16.4 ± 1.4c
WBSF Day 1 (N) 46.1 ± 7.6a 45.7 ± 3.2a 40.2 ± 4.6a
WBSF Day 3 (N) 52.8 ± 10.7b 40.3 ± 5.2b 43.5 ± 7.2a
WBSF Day 7 (N) 37.9 ± 6.4c 32 ± 3.5c 31.8 ± 1.2b
HDrip, high drip loss; LDrip, low drip loss; IP, intermediate phenotype; L*, lightness; a*, redness; b*, yellowness; WBSF, Warner Bratzler shear force; N,
Newtons. Within columns, for WBSF and CIE b* data, different italicised superscripts indicate signiﬁcantly different means at the 5% level. Some values in
this table were also presented in Table 1 of Di Luca et al., [14].
doi:10.1371/journal.pone.0150605.t001
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respectively at days 1, 3 and 7. Fig 1G, 1H and 1I shows gel images of high drip (HDrip) pheno-
type for WHC respectively at days 1, 3 and 7.
Protein identification
Eighty-nine spots were previously [15] characterised by MALDI TOF/TOF or LTQ ORBI-
TRAP XL (Table 2). Thirty-six of these spots were found to be associated with meat ageing
and/or drip loss (see below). These match 60 relevant proteins/peptides, with some of these
proteins/peptides being identified in more than one spot and some spots containing more than
one protein/peptide. As there were many spots that could not be identified following mass
spectrometric data interpretation, we used PEAKS Studio 6 to increase the number of spots/
proteins identified. This software has the capacity to integrate traditional database matching
Fig 1. 2-D DIGE gel images.Nine representative 2-D DIGE gel images that have been labelled with CyDye 5.
doi:10.1371/journal.pone.0150605.g001
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Table 2. Protein/fragment spots in porcine centrifugal drip that discriminate between HDrip and LDrip animals.
Spota Protein identiﬁed Biological process b Spot ratios
HDrip LDrip
13 Phosphoglucomutase-1 carbohydrate metabolic process 1.324 1.025
13 Stress induced phosphoprotein 1 immune system process; protein metabolic process; response to stress 1.324 1.025
54 Serum albumin transport 0.943 1.281
54 Transferrin macrophage activation; induction of apoptosis; cell surface receptor linked
signal transduction; intracellular signaling cascade; cell-cell signalling; signal
transduction
0.943 1.281
56 Heat shock protein 70 immune system process; protein metabolic process; response to stress 1.051 1.271
65 Filaggrin-2 protein metabolic process; cellular component morphogenesis; ectoderm
development
1.125 0.979
65 Phosphatidylinositol 4,5-bisphosphate 3-kinase
catalytic subunit gamma isoform
protein targeting; endocytosis; negative regulation of apoptosis;
transmembrane receptor protein tyrosine kinase signaling pathway; phosphate
metabolic processphospholipid metabolic process
1.125 0.979
86 Alpha-2-HS-glycoprotein (Fragment) immune system process; protein metabolic process; mesoderm development;
skeletal system development
0.504 0.373
116 Triosephosphate isomerase (Fragment) fatty acid biosynthesis; gluconeogenesis; glycolysis 1.208 1.011
116 Phosphoglucomutase 1 (Fragment) carbohydrate metabolic process 1.208 1.011
218 Serum albumin transport 1.041 1.435
218 hemopexin vitamin transport 1.041 1.435
218 myosin-1 muscle contraction; sensory perception; intracellular protein transport; mitosis;
cytokinesis; cell motion
1.041 1.435
218 myosin-2 muscle contraction; sensory perception; intracellular protein transport; mitosis;
cytokinesis; cell motion
1.041 1.435
218 myosin-7 muscle contraction; sensory perception; intracellular protein transport; mitosis;
cytokinesis; cell motion
1.041 1.435
239 Hemopexin vitamin transport 0.933 1.305
239 Phosphatidylinositol 3-kinase catalytic subunit
type 3
protein targeting; endocytosis; negative regulation of apoptosis;
transmembrane receptor protein tyrosine kinase signaling pathway; phosphate
metabolic process
0.933 1.305
277 Serum albumin transport 1.081 0.94
277 Beta-lactoglobulin transport 1.081 0.94
277 hemopexin vitamin transport 1.081 0.94
277 transthyretin transport 1.081 0.94
332 Triosephosphate isomerase fatty acid biosynthesis; gluconeogenesis; glycolysis 0.702 0.817
375 Vesicle-associated membrane protein-
associated protein B
intracellular protein transport; vesicle-mediated transport; cell motion 0.914 1.164
375 Heat shock 70 kDa protein 1A immune system process; protein metabolic process; response to stress 0.914 1.164
375 Heat shock 70 kDa protein 1-like immune system process; protein metabolic process; response to stress 0.914 1.164
375 Heat shock 70 kDa protein 6 immune system process; protein metabolic process; response to stress 0.914 1.164
648 Phosphoglycerate kinase 1 carbohydrate metabolic process 0.948 1.16
648 Phosphoglycerate kinase 2 carbohydrate metabolic process 0.948 1.16
772 Proteasome subunit beta type-7 proteolysis 0.987 1.225
1061 Vimentin ectoderm development; cellular component morphogenesis 0.946 1.232
1061 Filamin-A protein localization at cell surface 0.946 1.232
1061 Actin, cytoplasmic 1 intracellular protein transport; exocytosis; endocytosis; mitosis; cytokinesis;
cellular component morphogenesis
0.946 1.232
1061 Actin, alpha skeletal muscle intracellular protein transport; exocytosis; endocytosis; mitosis; cytokinesis;
cellular component morphogenesis
0.946 1.232
1219 Triosephosphate isomerase fatty acid biosynthesis; gluconeogenesis; glycolysis 1.178 1.318
1219 Serum albumin transport 1.178 1.318
(Continued)
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with de novo sequencing. Forty-two further spots were identified using this approach, matching
111 relevant proteins/peptides, with some of these proteins/peptides being identified in more
than one spot and some spots containing more than one protein/peptide. These proteins are
listed in S1 Table.
Principal component analysis (PCA) and hierarchical clustering
All identified spot variables were used to derive principal components for the different pheno-
types (HDrip, LDrip and IP), over three days post mortem. The first principal component
accounted for 22.61% of the variance and the second for 12.07% and the graph of these two
PCs may be seen in Fig 2. When just the IP phenotype was examined in a previous paper [2],
Table 2. (Continued)
Spota Protein identiﬁed Biological process b Spot ratios
HDrip LDrip
1219 Creatine kinase M-type muscle contraction; metabolic process 1.178 1.318
1270 Proteasome subunit beta type-6 protein metabolic process 1.403 1.288
1270 Translationally-controlled tumor protein carbohydrate metabolic process 1.403 1.288
1290 Heat shock 70 kDa protein 1A immune system process; protein metabolic process; response to stress 0.924 1.125
1290 Heat shock 70 kDa protein 6 immune system process; protein metabolic process; response to stress 0.924 1.125
1290 Serum albumin transport 0.924 1.125
1290 Myc box-dependent-interacting protein 1 neurotransmitter secretion; intracellular protein transport; endocytosis;
synaptic transmission; cell-cell signaling
0.924 1.125
1290 Heat shock 70 kDa protein 1B immune system process; protein metabolic process; response to stress 0.924 1.125
1290 Heat shock 70 kDa protein 1-like immune system process; protein metabolic process; response to stress 0.924 1.125
1290 Glucose-6-phosphate isomerase gluconeogenesis; glycolysis 0.924 1.125
aSpot numbers refer to Fig 3 in our previous study [15].
bBiological process of the proteins obtained using PANTHER analysis [25].
doi:10.1371/journal.pone.0150605.t002
Fig 2. Principal Component Analysis (PCA). PCA biplot carried out using 376 spots from animals with
divergent phenotypes for WHC (HDrip, high drip loss; IP, intermediate phenotype; LDrip, low drip loss; HDrip
day 1; IP day 1; LDrip day 1; HDrip day 3; IP day 3; LDrip day 3; HDrip day 7; IP day 7; LDrip day 7) across the
three days post mortem. Protein spots are represented by grey numbers. Distinct clustering of the samples
by days post mortem is evident from the abundance of these proteins.
doi:10.1371/journal.pone.0150605.g002
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the first principal component showed clear structuring across day of sampling post mortem [2].
Here, even when contrasting phenotypes were included together, the first principal component
still primarily structured centrifugal drip samples based on post mortem day of sampling and, in
all likelihood, the ageing process. Samples of all three phenotypes (HDrip, LDrip and IP) from
day 1 and day 7 represent the extremes, with day 3 samples falling in between. Clear separation
based on drip loss phenotype using all 376 variables (all spots detected) was not evident from
either of the first two principal components. However, within the day 7 cluster, HDrip samples
were somewhat contrasted to IP samples by the second principal component (Fig 2), suggesting
that by the end of the ageing period, at the time of likely consumption of the product, the prote-
omes do diverge somewhat. It can also be seen in Fig 2 that a high number of protein spots (grey)
co-localise with samples representing day 7 post mortem of all three phenotypes, indicating they
are most abundant at this timepoint, and thus accumulate over the ageing process.
A hierarchical clustergram of spots/proteins and samples may be seen in Fig 3, constructed
using all observed spot variables (n = 376) for the three different phenotypes (HDrip, LDrip
and IP) over three days post mortem studied. Higher abundance is indicated by red colour,
with lower abundance indicated by green colour. Proteins with similar abundance profiles
across the dataset cluster together, as do samples with similar proteomic profiles.
Both PCA and the hierarchical clustergram suggest that the major patterns in protein abun-
dance data closely reflect the post mortem ageing process. Post mortem protein degradation
contributes to the development of meat quality traits [4,33,34]. The rate and extent of protein
degradation differs from protein to protein [35–37]. These differences have been associated
with quality traits such as WHC and tenderness. In this study, it is difficult to observe a clear
separation between the three different drip loss phenotypes based on the PCA and clustergram
analyses. No real structuring according to phenotype is observed at early timepoints, but this
change by day 7 post mortem, when samples are better clustered by their drip loss level. This
suggests that the physiological differences in drip loss may manifest themselves in the prote-
ome at later timepoints post mortem. The bi-plots show that the abundance of many spots in
the study is positively correlated with day 7 samples. Similar data were observed in the cluster-
gram, where a higher number of spots/proteins were observed to be more abundant (in red) at
day 7.
Matching the spots identified by mass spectrometry with the spots/proteins in the cluster-
gram, the main class of proteins identified in that region of the clustergram are structural pro-
teins (e.g. titin, vinculin, myosin). These likely are protein fragments as a result of proteolytic
activity [1]. The main classes of proteins identified to be more abundant in the samples from
day 1 post mortem, are stress related, energy metabolism and transport proteins such as protein
DJ-1, peroxiredoxin 2, phosphoglucomutase 1 (PGM1), protein CutA, etc. This group of pro-
teins declines in abundance over the post mortem period. Several glycolytic enzymes (e.g. eno-
lase and triosephosphate isomerase) in particular show high abundance at day 1 followed by a
decline over the post mortem ageing period. The might be due to the degradation of these pro-
teins, as observed elsewhere [1,38]. Heat shock proteins (HSPs) such as HSP70, αβ-crystallin
have a protective role and may slow down the process of cellular death [39,40]. Similar classes
of proteins were observed in the small cluster of spots/proteins more abundant at day 3, which
may indicate that some of these proteins may still exert their protective functions after several
days post mortem.
Identifications of proteins that discriminate samples in relation to WHC
Most of the water in post mortemmuscle is entrapped in the myofibrillar structures of the cell.
Alterations of these structures e.g. due to early post mortem events such as the rate and extent
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Fig 3. Hierarchical clustergram. It can be seen from Fig 3 that there is a clear separation of samples based on the day of measurement. The major split in
the protein profiles is between proteins that are more abundant at day 1 and 3 and those that are more abundant at day 7. The next greatest split separates
those proteins which are more abundant at day 1 from those more abundant at day 3. According to the spots that have been identified by mass spectrometry
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of pH decline, proteolysis and protein oxidation will influence the ability of meat to retain
water [9,41]. The identification of a subset of proteins that have a different abundance pattern
across divergent phenotypes for WHC would both enhance our scientific understanding of the
phenotype and be of benefit for meat processors. In proteomics, a classical approach to dis-
criminate groups of samples from the large amount of data generated (spots/proteins abun-
dance) is univariate data analysis (e.g. one way ANOVA, Student t-test). However, univariate
data analysis is a limited approach to extract meaningful information from the complex data
generated from proteomic approaches. Multivariate data analysis approaches, such as partial
least squares regression, have been developed to interpret the relationship between the different
proteins [42]. Unlike univariate data analysis, they are particularly useful at examining datasets
with multi co-linearity (e.g. spots which act in concert with one another) and detect underlying
trends [43].
The large amount of data obtained (376 spots from each samples across timepoints) was
analysed using l1-regularized logistic regression [24], a machine learning algorithm that is able
to extract relevant information from large datasets and point to a smaller number of highly sig-
nificant biomarker proteins. This is a powerful discriminatory method that provides the
explicit probabilities of classification apart from the class label information. This type of algo-
rithm is well-suited to applications where the number of variables is much larger than the
number of samples (e.g. microarray) [44]. Similar statistical models have been mainly used in
clinical studies for early detection and diagnosis. In those settings, datasets for logistic regres-
sion analysis are usually obtained with a high throughput proteomics platform reaching high
sensitivity, over 90%, i.e. mass spectrometry; [45–47]. It is known that 2D PAGE is a low
throughput approach, and usually the amount of data generated with 2D PAGE is not suffi-
cient for this approach. Here, through the use of 2D DIGE technology, the amount of data gen-
erated was adequate for this statistical approach to be applied. However, in order to apply
l1-regularized logistic regression to identify a subset of spots/proteins that would permit dis-
crimination of samples with different levels of drip loss, we had to combine data from all days
post mortem (HDrip at days 1, 3 and 7; IP at days 1, 3 and 7; LDrip at days 1, 3 and 7) for each
phenotype. We were also interested to segregate HDrip from all other samples, and LDrip
from all other samples. Hence, we further combined phenotypes (LDrip plus IP considered as
one phenotype and HDrip plus IP considered as one phenotype) to facilitate this additional
comparison. Indeed, ‘Leave one out’ cross-validation of the l1-regularized logistic regression
models revealed a degree of variation in the accuracy of the discriminatory models. Using this
method 25 protein spots were identified which are able to discriminate between HDrip and
LDrip samples with 63% accuracy, moreover in two other comparisons 25 and 22 spots dis-
criminated between LDrip plus IP (considered as one phenotype) versus HDrip and between
HDrip plus IP (considered as one phenotype) versus LDrip with 73% and 72% of accuracy,
respectively. It was notable that when two phenotypes were combined (increasing the number
of variables and reducing the number of conditions), improved discrimination was achieved
(see below), suggesting that this approach has the capacity to be even more powerful in the
search for biomarkers of meat quality, when a higher throughput of data is applied.
The full list of spots identified in this analysis is shown in Tables 2–4, together with their
biological process identified using PANTHER analysis [25]. Seventeen of the 25 spots used to
discriminate HDrip from LDrip samples were characterised by mass spectrometry, and 45
[S1 Table and Table 2 in Di Luca et al., [15]], those more abundant at day 1 and 3 were mainly stress related, energy metabolism and transport proteins,
whereas those more abundant at day 7 were mainly structural and energy metabolism proteins. The clustergram does not show clear separation of the three
phenotypes (HDrip, LDrip and IP) within individual timepoints.
doi:10.1371/journal.pone.0150605.g003
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Table 3. Protein/fragment spots in porcine centrifugal drip that discriminate between HDrip versus the LDrip plus IP animals.
Spota Protein identiﬁed Biological processb Spot ratios
HDrip LDrip
plus IP
54 Serum albumin transport 0.943 1.278
54 Transferrin macrophage activation; induction of apoptosis; cell surface receptor linked signal
transduction; intracellular signaling cascade; cell-cell signalling; signal transduction
0.943 1.278
56 Heat shock protein 70 immune system process; protein metabolic process; response to stress 1.051 1.28
90 Peroxiredoxin-2 (Fragment) immune system process; oxygen and reactive oxygen species metabolic process 1.094 1.249
91 Heat shock 70 kDa protein 1-like immune system process; protein metabolic process; response to stress 0.884 0.94
91 Heat shock 70 kDa protein 6 immune system process; protein metabolic process; response to stress 0.884 0.94
91 Heat shock 70 kDa protein 1A immune system process; protein metabolic process; response to stress 0.884 0.94
94 Proteasome subunit alpha type-5-A protein metabolic process 0.976 0.881
95 Vitamin D(3) 25-hydroxylase iron ion binding 0.915 1.069
375 Vesicle-associated membrane
protein-associated protein B
intracellular protein transport; vesicle-mediated transport; cell motion 0.914 1.153
375 Heat shock 70 kDa protein 1A immune system process; protein metabolic process; response to stress 0.914 1.153
375 Heat shock 70 kDa protein 1-like immune system process; protein metabolic process; response to stress 0.914 1.153
375 Heat shock 70 kDa protein 6 immune system process; protein metabolic process; response to stress 0.914 1.153
566 Heat shock 70 kDa protein 1A immune system process; protein metabolic process; response to stress 0.925 1.207
566 Heat shock 70 kDa protein 1-like immune system process; protein metabolic process; response to stress 0.925 1.207
566 Heat shock protein 68 immune system process; protein metabolic process; response to stress 0.925 1.207
566 Heat shock 70 kDa protein immune system process; protein metabolic process; response to stress 0.925 1.207
566 Heat shock cognate 71 immune system process; protein metabolic process; response to stress 0.925 1.207
566 Luminal-binding protein 2 immune system process; protein metabolic process; response to stress 0.925 1.207
566 Heat shock 70 kDa protein 1B immune system process; protein metabolic process; response to stress 0.925 1.207
566 Heat shock 70 kDa protein 6 immune system process; protein metabolic process; response to stress 0.925 1.207
566 Serum albumin transport 0.925 1.207
576 Peroxiredoxin-2 (Fragment) immune system process; oxygen and reactive oxygen species metabolic process 1.288 1.582
772 Proteasome subunit beta type-7 proteolysis 0.987 1.172
1000 Beta-tropomyosin structural constituent of cytoskeleton; muscle contraction; cell motion; cellular
component morphogenesis
1.312 1.207
1000 Tropomyosin alpha-1 chain muscle contraction; cell motion; cellular component morphogenesis 1.312 1.207
1000 Tropomyosin alpha-4 chain muscle contraction; cell motion; cellular component morphogenesis 1.312 1.207
1000 Tropomyosin alpha-3 chain muscle contraction; cell motion; cellular component morphogenesis 1.312 1.207
1135 Beta-enolase glycolysis 0.949 1.168
1192 Heat shock 70 kDa protein 1A immune system process; protein metabolic process; response to stress 1.054 1.328
1192 Serum albumin transport 1.054 1.328
1192 Heat shock 70 kDa protein 6 immune system process; protein metabolic process; response to stress 1.054 1.328
1192 Heat shock 70 kDa protein 1B immune system process; protein metabolic process; response to stress 1.054 1.328
1192 Heat shock 70 kDa protein 1-like immune system process; protein metabolic process; response to stress 1.054 1.328
1290 Heat shock 70 kDa protein 1A immune system process; protein metabolic process; response to stress 0.924 1.065
1290 Heat shock 70 kDa protein 6 immune system process; protein metabolic process; response to stress 0.924 1.065
1290 Serum albumin transport 0.924 1.065
1290 Myc box-dependent-interacting
protein 1
neurotransmitter secretion; intracellular protein transport; endocytosis; synaptic
transmission; cell-cell signaling
0.924 1.065
1290 Heat shock 70 kDa protein 1B immune system process; protein metabolic process; response to stress 0.924 1.065
1290 Heat shock 70 kDa protein 1-like immune system process; protein metabolic process; response to stress 0.924 1.065
1290 Glucose-6-phosphate isomerase gluconeogenesis; glycolysis 0.924 1.065
aSpot numbers refer to Fig 3 in our previous study [15].
bBiological process of the proteins obtained using PANTHER analysis [25].
doi:10.1371/journal.pone.0150605.t003
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Table 4. Protein/fragment spots in porcine centrifugal drip that discriminate between LDrip versus HDrip plus IP animals.
Spota Protein identiﬁed Biological processb Spot ratios
LDrip HDrip plus
IP
92 Heat shock 70 kDa protein 1A immune system process; protein metabolic process; response to stress 1.252 1.046
92 Heat shock 70 kDa protein 6 immune system process; protein metabolic process; response to stress 1.252 1.046
92 78 kDa glucose-regulated protein
homolog
response to stress 1.252 1.046
92 Luminal-binding protein immune system process; protein metabolic process; response to stress 1.252 1.046
92 Heat shock 70 kDa protein 1B immune system process; protein metabolic process; response to stress 1.252 1.046
92 Heat shock 70 kDa protein 1-like immune system process; protein metabolic process; response to stress 1.252 1.046
92 Heat shock 70 kDa protein
(Fragment)
immune system process; protein metabolic process; response to stress 1.252 1.046
93 Serum albumin transport 1.436 0.926
93 Hemopexin vitamin transport 1.436 0.926
109 Stress induced phosphoprotein 1 immune system process; protein metabolic process; response to stress 0.911 1.444
170 Serum albumin transport 1.389 1.113
170 Glucose-6-phosphate isomerase gluconeogenesis; glycolysis 1.389 1.113
177 Heat shock 70 kDa protein 1A immune system process; protein metabolic process; response to stress 1.152 0.789
177 Vinculin cell adhesion; cell motion; intracellular signaling cascade; cellular component
morphogenesis
1.152 0.789
177 Heat shock 70 kDa protein 1B immune system process; protein metabolic process; response to stress 1.152 0.789
177 Heat shock 70 kDa protein 6 immune system process; protein metabolic process; response to stress 1.152 0.789
177 Heat shock 70 kDa protein 1-like immune system process; protein metabolic process; response to stress 1.152 0.789
218 Serum albumin transport 1.435 0.975
218 Hemopexin vitamin transport 1.435 0.975
218 Myosin-1 muscle contraction; sensory perception; intracellular protein transport; mitosis;
cytokinesis; cell motion
1.435 0.975
218 Myosin-2 muscle contraction; sensory perception; intracellular protein transport; mitosis;
cytokinesis; cell motion
1.435 0.975
218 Myosin-7 muscle contraction; sensory perception; intracellular protein transport; mitosis;
cytokinesis; cell motion
1.435 0.975
277 Serum albumin transport 0.94 1.074
277 Beta-lactoglobulin transport 0.94 1.074
277 Hemopexin vitamin transport 0.94 1.074
277 Transthyretin transport 0.94 1.074
326 Phosphoglucomutase 1 carbohydrate metabolic process 1.577 1.084
332 Triosephosphate isomerase fatty acid biosynthesis; gluconeogenesis; glycolysis 0.817 0.709
503 Beta-lactoglobulin transport 1.153 0.999
503 Hemopexin vitamin transport 1.153 0.999
503 Serum albumin transport 1.153 0.999
772 Proteasome subunit beta type-7 proteolysis 1.225 1.055
1061 Vimentin ectoderm development; cellular component morphogenesis 1.232 0.913
1061 Filamin-A protein localization at cell surface 1.232 0.913
1061 Actin, cytoplasmic 1 intracellular protein transport; exocytosis; endocytosis; mitosis; cytokinesis; cellular
component morphogenesis
1.232 0.913
1061 Actin, alpha skeletal muscle intracellular protein transport; exocytosis; endocytosis; mitosis; cytokinesis; cellular
component morphogenesis
1.232 0.913
1219 Triosephosphate isomerase fatty acid biosynthesis; gluconeogenesis; glycolysis 1.318 1.205
1219 Serum albumin transport 1.318 1.205
1219 Creatine kinase M-type muscle contraction; metabolic process 1.318 1.205
(Continued)
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proteins/peptides were identified (Table 2). Forty-one proteins/peptides were identified in 14
of the 25 spots/proteins that discriminated HDrip from LDrip plus IP (Table 3). Forty-eight
proteins/peptides were identified in 15 of the 22 spots/proteins that discriminated LDrip versus
HDrip plus IP (Table 4). Several spots overlapped between the different comparisons.
Many proteins that permit the discrimination of samples with different levels of drip loss,
(e.g. stress induced phosphoprotein 1, triosephosphate isomerase, transferrin) were also
highlighted as potential biomarkers for WHC in our previous paper [15].
In this study, the proteins identified in the three comparisons, are generally involved in
stress response, energy metabolism and as structural components of the cell. As previously
observed [2,15] and as expected with an exudate substrate, soluble proteins are the dominant
classes. Stress related proteins are the most abundant proteins (mainly with a molecular weight
of 70 kDa), especially in the two comparisons with the highest level of accuracy (a higher num-
ber of samples were included) where we segregated HDrip or LDrip from all other samples.
Stress related proteins are known as heat shock proteins (HSP) and are divided into families
according to their average molecular weight. The 70 kDa HSP family is composed of heat
inducible proteins (HSP70), which are expressed under cellular stress conditions, and heat
shock cognate proteins (HSC70), which are constitutively expressed without any stress stimula-
tion [48]. These ATP-dependent proteins are involved in important cellular functions. HSC70
is most efficient when associated with heat shock factor cochaperones, protecting, preserving
or recovering the proper functional conformation of proteins. Many proteomic studies in meat
science have reported HSPs as potential biomarkers for several meat quality traits (WHC, ten-
derness, colour and flavour) [49–54]. Interestingly, all the HSPs identified in this study with
the exception of spot 13 in the comparison between HDrip versus LDrip and spot 109 in the
comparison between LDrip versus HDrip plus IP showed a higher abundance in the LDrip or
LDrip plus IP compared to HDrip. Moreover, it is of interest that in both spots (13 and 109),
stress-induced phosphoprotein 1 (STIP1) was identified and that following Western blot vali-
dation (two proteins were identified in spot 13) in Di Luca et al., [15], STIP1 was higher in
abundance in the LDrip phenotype compared to both, HDrip and IP. It is known that HSPs
Table 4. (Continued)
Spota Protein identiﬁed Biological processb Spot ratios
LDrip HDrip plus
IP
1270 Proteasome subunit beta type-6 protein metabolic process 1.288 1.379
1270 Translationally-controlled tumor
protein
carbohydrate metabolic process 1.288 1.379
1290 Heat shock 70 kDa protein 1A immune system process; protein metabolic process; response to stress 1.125 0.967
1290 Heat shock 70 kDa protein 6 immune system process; protein metabolic process; response to stress 1.125 0.967
1290 Serum albumin transport 1.125 0.967
1290 Myc box-dependent-interacting
protein 1
neurotransmitter secretion; intracellular protein transport; endocytosis; synaptic
transmission; cell-cell signaling
1.125 0.967
1290 Heat shock 70 kDa protein 1B immune system process; protein metabolic process; response to stress 1.125 0.967
1290 Heat shock 70 kDa protein 1-like immune system process; protein metabolic process; response to stress 1.125 0.967
1290 Glucose-6-phosphate isomerase gluconeogenesis; glycolysis 1.125 0.967
aSpot numbers refer to Fig 3 in our previous study [15].
bBiological process of the proteins obtained using PANTHER analysis [25].
doi:10.1371/journal.pone.0150605.t004
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are constitutively expressed but are also synthesised in response to growth, development and
differentiation and in response to stresses [52,55]. A putative mechanism for the role of heat
shock proteins in drip loss is that these proteins are protective against the cell-disrupting effects
of stress and cell death, which lead to a loss of fluid from the cells and where they are in higher
abundance, there is less drip lost. Moreover, these proteins move from the cytoplasm to the
nucleus under stressed conditions [56,57]. The lower or higher abundance of these proteins in
the centrifugal drip may be due to changes in solubility of the proteins. It could be hypothe-
sized that due to a higher stress condition in the HDrip phenotype, HSPs could be localized in
the nucleus (lower abundance in the centrifugal drip) whereas in the LDrip phenotype the
presence of these proteins could be still high in the cytoplasm.
Several myofibrillar proteins like myosin, vinculin, actin were identified. Cytoskeletal pro-
teins are components of the myofibrillar complex that provide support for the contractile and
regulatory proteins and serve to stabilise the contractile apparatus. Myosin is the most abun-
dant of the myofibrillar proteins [58]. It has been shown that the denaturation of myobrillar
proteins, particularly myosin, is associated with the lowWHC of PSE pork [59]. PSE meat
compared with normal pork meat shows both reduced myofibrillar protein solubility and myo-
sin ATP-ase activity, both are indicators of denaturation [60,61]. It is known that these proteins
are targets of proteolytic enzymes in post mortemmuscle [50,62], and a lower abundance of
these proteins in our study in the HDrip phenotype could indicate an alteration of structural
components in the myofibril which affects WHC [63]. On the other hand, some proteins like
vinculin were identified in a region of the gel closer to the theoretical molecular weights of
these proteins, which makes it more difficult to interpret the data. Fragments may start to accu-
mulate with a molecular weight very close to the full protein as showed in Di Luca et al., [2].
Other minor proteins of the thin filaments such as tropomyosins (TPM) were identified (spot
1000). These proteins were identified in a spot close to the predicted location of the parent pro-
tein. In our previous study [15], TPM1 and TPM2 were identified in two other spots with a
slightly different molecular weight and/or pI from that predicted, probably due to being elec-
trophoretic variants or isoforms of these proteins. Two different patterns were observed for the
two TPMs in Di Luca et al., [15], here a higher abundance of tropomyosins was observed in the
HDrip phenotype compared to LDrip. Tropomyosins are substrates of μ-calpain under post
mortem conditions [64] and have been shown to denature in low drip samples [65]. As the pro-
teins identified in current study were identified in a spot close to the parent protein this may
allude to a major degradation of the parent proteins and an accumulation of fragments of a
lower molecular weight in the resultant gel.
Although myofibrillar protein denaturation contributes to the lowWHC of PSE meat, it
cannot completely explain the lowWHC of meat that is not PSE but present high loss of water
[59,66]. A role for sarcoplasmic proteins has been postulated to explain the lowWHC in sam-
ples that are not PSE, as their denaturation is associated with lowWHC in meat [59,66]. In the
current study, several sarcoplasmic proteins like triosephosphate isomerase were identified.
This protein was previously [15] highlighted as potentially predictive of drip loss. Moreover,
precipitation of such protein has been related to PSE muscle and pork colour [67,68]. In this
study, several spots showed the presence of triosephosphate isomerase (spots 116, 332 and
1219 in the comparison between HDrip versus LDrip; spots 332 and 1219 in the comparison
between LDrip versus HDrip plus IP). The spots were identified in different pI and/or molecu-
lar weight, suggesting that they may represent multiple isoforms, fragments, crossed linked or
PTM of the protein. Spots 332 and 1219 showed a higher abundance in the LDrip phenotype,
whereas spot 116 in HDrip. In previous work [15], this protein was identified in a different
spot (66) which was higher in abundance in the LDrip compared to HDrip phenotype. The dif-
ference in abundance pattern observed in spot 116 may be driven by the presence of another
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protein (phosphoglucomutase 1) in the same spot. Triosephosphate isomerase is a glycolytic
enzyme and displayed a lower abundance in muscle with HDrip phenotype, possibly leading to
a reduction in levels of ATP at early times post mortem. Once the sources of energy are
exhausted, proteins will tend to denature, and thus are more liable to proteolysis [69], processes
that may affect WHC.
It is of interest that as in [15], spot 54 (serum albumin and transferrin) is part of the signa-
tures that are able to discriminate between HDrip versus LDrip and between HDrip versus
LDrip plus IP. In both comparisons, the abundance of spot 54 is lower in the HDrip phenotype.
A similar pattern was observed previously [15] whereWestern blot also showed that transferrin
drove the change in the spots. Transferrins are glycoproteins which reversibly bind iron and
help control free iron levels [70]; upregulated expression of this protein has been observed in
hypoxic condition [71]. The higher abundance of transferrins in LDrip was highlighted as
indicative of a differential muscle response to hypoxic situations which is linked to the manifes-
tation of a quality trait such as drip loss [15].
Taken together, our finding highlights l1-regularized logistic regression as a powerful dis-
criminatory method, moreover, a number of proteins were identified in both this and an earlier
study which corroborates our findings.
Comparison with analysis of variance
One way ANOVA (p 0.05) analyses were performed to reveal spots that were significantly
different across the three phenotypes at days 3 and 7 post mortem [day 1 was covered in [15]].
The outcomes were then compared with multivariate clustering and logistic regression
approaches.
Ten and 18 significant (p 0.05) spots whose abundance changed significantly across the
three divergent WHC phenotypes at day 3 and 7 post mortem respectively were identified.
Details of the significant spots at day 3 and 7 post mortem (Tukey Kramer post hoc analysis)
are presented in Table 5A and 5B. Fig 3A of Di Luca et al., [15] and S1 Fig shows the location
of the spots characterised by mass spectrometric analysis. From the ten spots/proteins that
were observe to vary significantly (p 0.05) in abundance across phenotypes at day 3 post
mortem, three spots/proteins were identified by mass spectrometry and three proteins/peptides
were identified. On the other hand, 26 proteins/peptides were identified in eight of the 18
spots/proteins that were significantly changing at day 7 post mortem. S2 Table shows the bio-
logical process of the proteins identified [25]. Of the spots characterized by mass spectrometry,
spot 109 in which STIP1 was identified was in common at day 3 and 7 post mortem. No spots
identified at day 3 and 7 post mortem were matching with the spots identified in our previous
study at day 1 post mortem [15]. In addition, six of the ten spots characterised at days 3 and 7
post mortem and four of the 14 spots characterised at day 1 post mortem [15] overlapped with
those identified using the logistic regression approach.
Similarly to the multivariate approaches, the ANOVA revealed that the proteins associated
with drip loss at day 3 and 7 post mortem can be generally categorised as stress response pro-
teins, metabolic enzymes and structural proteins. Stress-related were the dominant class, sug-
gesting that some of these proteins may still exert their protective functions after several days
post mortem. Of the ten spots characterised by mass spectrometry in the two comparisons, sev-
eral spots/proteins like STIP1, HSP70 were also highlighted as potential biomarkers for WHC
using l1-regularized logistic regression and also in our previous study [15]. In addition, the
majority of the proteins identified in the other four spots that were not overlapping, were also
identified in other spots using l1-regularized logistic regression, highlighting again the strength
of this approach. In contrast to the larger panel of marker proteins identified using logistic
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regression, only two spots characterised by mass spectrometry were significantly changing
between HDrip and LDrip (spots 109 and 177 in the comparison at day 7 post mortem) by
ANOVA. STIP1 was identified in spot 109, whereas in spot 177 were identified four stress
related proteins and vinculin. Interestingly, the spot clustering in the PCA and in the hierarchi-
cal clustergram show a similar pattern across these phenotypes at day 7 post mortem. The com-
parison would suggest that the logistic regression approach may be more powerful than
ANOVA, where data is sufficient to apply it.
Table 5. ANOVA p value, fold changes (calculated from themean normalised volumes between the groups that shows the maximum of the
changes) and average normalised spot volumes (Progenesis SameSpots) of the 10 (A) and 18 (B) spots significantly different (p 0.05) respec-
tively at day 3 (A) and day 7 (B) post mortem between the three divergent phenotypes for WHC (HDrip, LDrip and IP).
Spota ANOVA (p) Fold change (A) Mean normalised volume at day 3 post mortem
HDrip Day 3 IP Day 3 LDrip Day 3
176 0.045 1.9 0.522a 0.887a 0.996a
109 0.031 1.9 0.975a 1.818b 1.058a
710 0.014 1.8 0.983a@ 0.543b@ 0.916ab
362 0.048 1.7 0.991ab 1.243a 0.738b
265 0.003 1.6 1.019ab 1.241a 0.755b
101 0.025 1.5 1.07a 1.63b 1.12a
216 0.045 1.5 0.747ab 0.945a 0.641b
1077 0.015 1.4 1.025a 1.215ab 1.423b
1248 0.006 1.3 1.233a 1.292a 0.96b
785 0.02 1.3 0.976a 1.25b 1.249b
Spota ANOVA (p) Fold change (B) Mean normalised volume at day 7 post mortem
HDrip Day 7 IP Day 7 LDrip Day 7
177 0.002 2.1 0.915a 0.699a 1.456b
893 0.014 2 0.87a 1.34b 0.683a
458 0.045 1.9 1.129ab 1.65a 0.887b
326 0.017 1.8 1.061ab 0.741a 1.338b
109 0.004 1.7 1.172a 1.36a 0.782b
652 0.04 1.7 0.807a@ 1.287b@ 0.763a
116 0.014 1.7 1.231ab 1.472a 0.877b
935 0.019 1.7 1.003ab 0.71a 1.173b
1061 0.048 1.6 1.12ab 1.014a@ 1.64b@
143 0.04 1.5 0.762a@ 1.173b@ 1.02ab
1141 0.038 1.5 0.736a@ 0.487b@ 0.536ab
551 0.018 1.5 0.967a 1.37b@ 1.403b
247 0.02 1.4 1.105a 0.766b 0.763b
566 0.007 1.4 1.15a 1.647b 1.328a@
398 0.035 1.3 0.819ab 0.772a 1.039b
1077 0.011 1.3 1.008a@ 0.811b 1.074a
785 0.037 1.1 1.011ab 0.981a 1.127b
916 0.013 1.1 1.076a 1.132ab 1.21b
Within rows, different superscripts indicate signiﬁcantly different means at the 5% level (following Tukey Kramer post hoc analysis).
@ indicates that the p-value was below 0.1.
aSpot numbers refer to Fig 3 in [15].
Spots number in bold are those identiﬁed by mass spectrometry.
doi:10.1371/journal.pone.0150605.t005
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Utility of identified biomarkers
The research presented in this paper and the previous studies [2,15] provide substantial and
novel data which greatly add to our body of knowledge of the water holding capacity pheno-
type in pork. The value of using a multivariate approach such as l1-regularized logistic regres-
sion has been clearly demonstrated. Our innovative approach of using 2D DIGE and
l1-regularized logistic regression has enabled identification of protein signatures that are able
to discriminate between divergent WHC phenotypes. Indeed, it has been shown that a combi-
nation of specific proteomic biomarkers shows higher accuracy than a single protein or non-
specific protein combinations [13]. While practical implementation of biomarkers for quality
would ideally require just a single timepoint measurement, our data furthers the potential in
this regard by demonstrating the key pathways/processes that are underpinning this quality
trait.
Tools for the prediction of meat quality in the commercial setting are lacking at present.
Measurement of pH at 45 minutes post mortem (pH 45) has been applied to obtain an early
indication of the final meat quality [72]. However, the general correlation between pH 45 and
WHC is not satisfactory as our study has shown a high level of variation in drip loss across just
30 samples presenting similar pH 45 values. Kauffman et al., [73] in a study with five different
WHC phenotypes, produced a categorisation accuracy of 52% for pH 45 and 57% for pH 45 and
colour. The proteins identified in this study may have potential to overcome some of these
issues, subject to validation in a larger set of samples. Increasing the number of samples (Pool-
ing IP and LDrip or IP and HDrip) improved accuracy, so using a high-throughput technique
with a higher number of samples, accuracy would likely be further increased. In addition, the
approach of mining the centrifugal drip proteome for biomarkers could be applied to the pre-
diction of other key meat quality traits such as tenderness and fat content.
Post mortem degradation in extremeWHC phenotypes
One way ANOVA (p 0.05) analyses were performed to reveal spots that were significantly
different across the three days post mortem in the two extreme phenotypes (HDrip and LDrip,
IP having been analysed in [2]. Seventy-nine and 72 spots significantly changed (p 0.05) in
abundance across days post mortem in HDrip and LDrip phenotypes respectively, whereas a
considerably higher amount of spots (136) was found to be altered in IP [2]. This might indi-
cate a reduction in soluble proteins appearing in centrifugal drip in extreme phenotypes.
Twenty of the 79 spots that were identified to be significantly changing across days post
mortem in HDrip phenotype were characterised by mass spectrometry, and 52 proteins/pep-
tides were identified (Table 6A and S2 Table). Thirty-three proteins/peptides were identified in
13 of the 72 spots/proteins changing across days post mortem in LDrip phenotype (Table 6B
and S2 Table). Several proteins/peptides were identified in more than one spot. Fig 3A of our
previous study Di Luca et al., [15] and S1 Fig shows the location of the spots characterised by
mass spectrometric analysis. A number of spots/proteins which fluctuate over the ageing
period were common between phenotypes [34 spots between HDrip and LDrip, 52 spots
between HDrip and IP, 51 spots between LDrip and IP, 30 spots common between all three
phenotypes (HDrip, LDrip and IP), the IP was analysed in Di Luca et al., [2]], suggesting meat
ageing is not greatly affected by these drip loss phenotypes.
In all these comparisons, as with the multivariate approaches, the proteins identified fall
generally into the following classes, structural proteins (e.g. titin, tropomyosin), metabolic
enzymes (e.g. triosephosphate isomerase, adenylate kinase), and stress response proteins (e.g.
HSP70, DJ 1 protein). The differences in the spot abundance pattern across the days post mor-
tem in the different phenotypes are noteworthy. Indeed, while structural proteins are generally
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increasing in abundance in all three phenotypes, the other classes of proteins follow an irregu-
lar pattern in the HDrip and LDrip phenotypes, whereas the spot abundance of the IP pheno-
type show energy metabolism proteins increase while stress related proteins decrease. Few
glycolytic enzymes were identified in both HDrip and LDrip comparisons.
Table 6. ANOVA p value, fold changes (calculated from themean normalised volumes between the groups that shows the maximum of the
changes) and average normalised spot volumes of the 20 (A) and 13 (B) spots characterised by mass spectrometry in the post mortem compari-
sons respectively in the HDrip (A) and LDrip (B) phenotype.
Spota ANOVA (p) Fold change (A) Mean normalised volume in the HDrip phenotype
HDrip Day 1 HDrip Day 3 HDrip Day 7
1287 0.043 5.1 0.992ab 5.056ab 1.111ab
103 0.013 3.7 1.877a@ 0.511b@ 1.236ab
35 0.011 3 0.314a 0.568a 0.934b
227 0.021 2.7 0.646a 0.928ab 1.732b
329 0.03 2.6 0.687a 1.766b@ 0.917ab
321 0.012 2.3 0.795a 0.413b 0.932a
27 0.015 2.2 0.705a 0.783a 1.574b
147 4.48E-04 2.1 0.422a 0.641b 0.881c
47 6.41E-04 1.8 0.65a 1.176b 1.188b
1360 0.007 1.7 1.683a@ 1.324b 1.01b
1050 0.017 1.7 0.992a 0.888a 1.479b
1076 0.008 1.6 1.721a 1.307b 1.058b
68 0.011 1.5 1.402a 1.223ab 0.941b
857 0.017 1.5 1.625a 1.305b 1.099b
99 0.042 1.5 1.512a 1.023b@ 1.037b@
1078 0.032 1.4 1.533a 1.256ab 1.077b
807 0.013 1.3 1.022a 0.979a 1.31b
1264 0.045 1.3 1.081ab 1.276a 0.969b
1000 0.013 1.3 1.512a 1.264ab 1.159b
65 0.001 1.2 1.276a 1.05b 1.048b
Spota ANOVA (p) Fold change (B) Mean normalised volume in the LDrip phenotype
LDrip Day 1 LDrip Day 3 LDrip Day 7
12 0.006 3.1 0.493a 0.82ab 1.512b
106 0.016 2.9 0.504a 0.803ab 1.442b
305 0.001 2.3 0.691a 1.32ab 1.594b
1287 0.05 2.3 0.973ab 1.984ab 0.86ab
280 0.009 2.1 0.99a 1.897ab 2.05b
498 0.000682 2 1.743a 1.0380b 0.887b
100 0.037 1.7 1.668a 0.970b 1.103b
21 0.012 1.7 1.591a 1.399ab 0.928b
1290 8.594e-004 1.5 0.898a 1.162b 1.324b
1192 0.003 1.5 1.083a 1.120a 1.586b
54 0.021 1.4 1.52a 1.069b 1.20b
1279 0.018 1.3 1.396a 1.054b 1.069b
591 0.049 1.2 1.42ab 1.547ab 1.246ab
Within rows, different superscripts indicate signiﬁcantly different means at the 5% level (following Tukey Kramer post hoc analysis).
@indicates that the p-value was below 0.1.
aSpot numbers refer to Fig 3 in [15].
doi:10.1371/journal.pone.0150605.t006
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Structural proteins were observed to increase in abundance across the ageing period, but
there was no major effect of phenotype on this change. The calpain system plays a role in the
degradation of many muscle proteins [74] and it is known that their activity is influenced by
pH values of the post mortemmuscle [74,75]. No differences were observed in pH or shear
force across phenotypes (Table 1), which could explain the similarity in the abundance pattern
of the structural proteins of the three phenotypes. The spot clustering in the PCA and in the
hierarchical clustergram show a similar pattern across the ageing timepoint in all three pheno-
types, which is especially evident at day 7 post mortem. Interestingly there are similarities also
with the ANOVA analysis. Indeed, structural proteins were the more abundant at day 7 post
mortem together to energy metabolism proteins, whereas stress related, transport and again
energy metabolism proteins where more abundant at day 1 and 3 (irregular pattern observed
in ANOVA). It is of interest to note that a relatively small proportion (~25%) of the spots seem
to be fragments of the parent proteins.
Few stress related proteins were identified to change in abundance over time in the HDrip
and LDrip time courses, and those identified showed an irregular pattern across the days post
mortem. Previous work focusing on post mortem changes in the IP only [2] showed a high
number of stress related proteins were identified at day 1, which decreased in abundance across
the ageing period. Interestingly, HSPs were also more abundant in the IP compared to HDrip
and LDrip at day 1 post mortem [15]. These proteins are essential for maintaining normal cellu-
lar activity because they associate with misfolded proteins, preventing their aggregation into
large deleterious complexes. Moreover, HSP proteins enable cells to overcome stressful condi-
tions by aiding the renaturation process of misfolded proteins [76]. A reduced abundance of
these proteins in the extreme phenotypes for WHCmay allude to a wider association of HSPs
to the intermediate phenotype for drip loss and may reflect the heat shock response to cellular
stress.
Conclusion
This study investigated the post mortem processes associated with ageing in pork of divergent
water holding capacity and sought to identify novel biomarkers of drip loss. Proteomic profiles
over the post mortem ageing period were not strongly influenced by WHC phenotype. How-
ever, proteomic biomarkers associated with particular WHC phenotypes were identified using
2-D DIGE technology coupled with l1-regularized logistic regression. Our studies suggest that
l1-regularized logistic regression is a promising approach to the identification of protein bio-
markers for meat quality traits. Using this method, a high level of specificity (72–73%) was
observed for some comparisons, showing that this approach has enhanced our understanding
of this phenotype and has the capacity to provide new biomarker panels for early meat quality
prediction.
Supporting Information
S1 Fig. Representative 2-D DIGE gel images which show the 22 new spots identified by
PEAKS Studio 6. Centrifugal drip proteins were separated by 2-D DIGE using immobilised
pH 4–7 gradients (24 cm, linear) in the first dimension and 12% SDS-PAGE in the second
dimension. The gel image is from a CyDye3-labelled reference sample (pool of all samples
used). This new data were merged together in the online proteome map for porcine exudate
derived from 36 2-D DIGE gels presented in our previous study [15]. This database is available
as part of the UCD-2DPAGE database under the tag ‘Porcine Database’ (http://proteomics-
portal.ucd.ie).
(TIF)
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S1 Table. Identified protein/fragment spots in porcine centrifugal drip with Peaks Studio
6. aSpot numbers refers to Fig 3 in our previous study [15]. bMolecular weight of the protein.
(DOC)
S2 Table. Biological function of the identified protein/fragment spots in porcine centrifu-
gal drip (phenotypes and time course comparisons). aSpot numbers refer to Fig 3 in [15].
bBiological process of the proteins obtained using PANTHER analysis [25]. cComparison
where the protein was significantly different [phenotype (PH), time course (TC)].
(DOC)
Acknowledgments
We wish to thank Paula Reid for assistance with statistical analysis, Dr Peadar Lawlor for sup-
ply of animals. Access to and use of instrumentation of the UCD Conway Mass Spectrometry
Resource is gratefully acknowledged. This research was funded through the Irish National
Development Plan through the Food Institutional Research Measure of the Department of
Food Agriculture and the Marine, Project 06RDNUIG470.
Author Contributions
Conceived and designed the experiments: RMH AMMGE ADL. Performed the experiments:
ADL. Analyzed the data: ADL RMH AMMGE NS. Contributed reagents/materials/analysis
tools: ADL RMH AMMGE NS. Wrote the paper: ADL RMH AMMGE NS.
References
1. Lametsch R, Roepstorff P, Bendixen E (2002) Identification of protein degradation during post mortem
storage of pig meat. Journal of Agricultural and Food Chemistry 50: 5508–5512. PMID: 12236671
2. Di Luca A, Elia G, Mullen AM, Hamill RM (2013) Monitoring post mortem changes in porcine muscle
through 2-D DIGE proteome analysis of Longissimus muscle exudate. Proteome Science 11: 14.
3. Bjarnadottir SG, Hollung K, Faergestad EM, Veiseth-Kent E (2010) Proteome Changes in Bovine Long-
issimus Thoracis Muscle during the First 48 h Postmortem: Shifts in Energy Status and Myofibrillar Sta-
bility. Journal of Agricultural and Food Chemistry 58: 7408–7414. doi: 10.1021/jf100697h PMID:
20515034
4. WuW, Fu Y, Therkildsen M, Li XM, Dai RT (2015) Molecular Understanding of Meat Quality Through
Application of Proteomics. Food Reviews International 31: 13–28.
5. Jia X, Veiseth-Kent E, Grove H, Kuziora P, Aass L, Hildrum KI, et al. (2009) Peroxiredoxin-6-A potential
protein marker for meat tenderness in bovine longissimus thoracis muscle. Journal of Animal Science
87: 2391–2399. doi: 10.2527/jas.2009-1792 PMID: 19359513
6. Kemp CM, Parr T (2012) Advances in apoptotic mediated proteolysis in meat tenderisation. Meat Sci-
ence 92: 252–259. doi: 10.1016/j.meatsci.2012.03.013 PMID: 22546815
7. Laville E, Sayd T, Morzel M, Blinet S, Chambon C, Lepetit J, et al. (2009) Proteome Changes during
Meat Aging in Tough and Tender Beef Suggest the Importance of Apoptosis and Protein Solubility for
Beef Aging and Tenderization. Journal of Agricultural and Food Chemistry 57: 10755–10764. doi: 10.
1021/jf901949r PMID: 19860418
8. Huff-Lonergan E, Lonergan SM (2007) New frontiers in understanding drip loss in pork: recent insights
on the role of post mortemmuscle biochemistry. Journal of Animal Breeding and Genetics 124: 19–26.
PMID: 17988247
9. Pearce KL, Rosenvold K, Andersen HJ, Hopkins DL (2011) Water distribution and mobility in meat dur-
ing the conversion of muscle to meat and ageing and the impacts on fresh meat quality attributes—A
review. Meat Science 89: 111–124. doi: 10.1016/j.meatsci.2011.04.007 PMID: 21592675
10. Jennen DGJ, Brings AD, Liu G, Jüngst H, Tholen E, Jonas E, et al. (2007) Genetic aspects concerning
drip loss and water holding capacity of porcine meat. Journal of Animal Breeding and Genetics 124: 2–
11. PMID: 17988245
Proteome Profiles Predict Pork Water Holding Capacity
PLOS ONE | DOI:10.1371/journal.pone.0150605 March 7, 2016 22 / 25
11. Hwang IH, Park BY, Kim JH, Cho SH, Lee JM (2005) Assessment of post mortem proteolysis by gel
based proteome analysis and its relationship to meat quality traits in pig longissimus. Meat Science 69:
79–91. doi: 10.1016/j.meatsci.2004.06.019 PMID: 22062642
12. van deWiel DFM, ZhangWL (2007) Identification of pork quality parameters by proteomics. Meat Sci-
ence 77: 46–54. doi: 10.1016/j.meatsci.2007.04.017 PMID: 22061395
13. te Pas MFW, Kruijt L, Pierzchala M, Crump RE, Boeren S, Keunig E, et al. (2013) Identification of prote-
omic biomarkers in M. Longissimus dorsi as potential predictors of pork quality. Meat Science 95: 679–
687. doi: 10.1016/j.meatsci.2012.12.015 PMID: 23375457
14. Di Luca A, Mullen AM, Elia G, Davey G, Hamill RM (2011) Centrifugal drip is an accessible source for
protein indicators of pork ageing and water holding capacity. Meat Science 88: 261–270. doi: 10.1016/
j.meatsci.2010.12.033 PMID: 21292408
15. Di Luca A, Elia G, Hamill R, Mullen AM (2013) 2D DIGE proteomic analysis of early post mortemmus-
cle exudate highlights the importance of the stress response for improved water-holding capacity of
fresh pork meat. Proteomics 13: 1528–1544. doi: 10.1002/pmic.201200145 PMID: 23456991
16. Boles JA, Parrish FC Jr, Skaggs CL, Christian LL (1991) Effect of porcine somatotropin, stress suscep-
tibility, and final end point of cooking on the sensory, physical, and chemical properties of pork loin
chops. Journal of Animal Science 69: 2865–2870. PMID: 1885397
17. Boles JA, Parrish FCJ, Huiatt TW, Robson RM (1992) Effect of porcine stress syndrome on the solubil-
ity and degradation of myofibrillar/cytoskeletal proteins. Journal of Animal Science 70: 454–464. PMID:
1548208
18. Adzitey F, Nurul H (2011) Pale soft exudative (PSE) and dark firm dry (DFD) meats: causes and mea-
sures to reduce these incidences—a mini review. International Food Research Journal 18: 11–20.
19. Honikel KO (1998) Reference methods for the assessment of physical characteristics of meat. Meat
Science 49: 447–457. PMID: 22060626
20. Bouton PE, Harris PV, Shorthose WR (1971) Effect of ultimate pH upon the water holding capacity and
tenderness of mutton. Journal of Food Science 36: 435–439.
21. Ramagli LS, Rodriguez LV (1985) Quantitation of microgram amounts of protein in two-dimensional
polyacrylamide gel electrophoresis sample buffer. pp. 559–563.
22. Karp NA, Lilley KS (2005) Maximising sensitivity for detecting changes in protein expression: Experi-
mental design using minimal CyDyes. Proteomics 5: 3105–3115. PMID: 16035117
23. Karp N, Griffin J, Lilley K (2005) Application of partial least squares discriminant analysis to two-dimen-
sional difference gel studies in expression proteomics. Proteomics 5: 81–90. PMID: 15744836
24. Koh K, Kim S- J, Boyd S (2007) An interior-point method for large-scale l1-regularized logistic regres-
sion. Journal of Machine Learning Research 8: 1519–1555.
25. Thomas PD, Kejariwal A, Guo N, Mi H, Campbell MJ, Muruganujan A, et al. (2006) Applications for pro-
tein sequence-function evolution data: mRNA/protein expression analysis and coding SNP scoring
tools. Nucleic Acids Research 34: 645–650.
26. Maribo H, Olsen EV, Barton-Gade P, Møller AJ, Karlsson A (1998) Effect of early post mortem cooling
on temperature, pH fall and meat quality in pigs. Meat Science 50: 115–129. doi: 10.1016/S0309-1740
(98)00022-9 PMID: 22060814
27. Lawson MA (2004) The role of integrin degradation in post mortem drip loss in pork. Meat Science 68:
559–566. doi: 10.1016/j.meatsci.2004.05.019 PMID: 22062532
28. Zhu LG, Bidner B, Brewer MS (2001) Post mortem pH, muscle, and refrigerated storage effects on abil-
ity of vacuum packaged pork to bloom. Journal of Food Science 66: 1230–1235.
29. Lindahl G, Karlsson AH, Lundström K, Andersen HJ (2006) Significance of storage time on degree of
blooming and colour stability of pork loin from different crossbreeds. Meat Science 72: 603–612. doi:
10.1016/j.meatsci.2005.09.018 PMID: 22061870
30. Apple JK, Davis JR, Rakes LK, Maxwell CV, Stivarius MR, Pohlman FW (2001) Effects of dietary mag-
nesium and duration of refrigerated storage on the quality of vacuum packaged, boneless pork loins.
Meat Science 57: 43–53. PMID: 22061166
31. Apple JK, Stivarius MR, Reiman JD, Rakes LK, Maxwell CV (2002) Halothane-genotype and duration
of refrigerated storage effects on the quality of vacuum-packaged pork loins. Journal of Muscle Foods
13: 103–122.
32. Rosenvold K, Andersen HJ (2003) The significance of pre slaughter stress and diet on colour and col-
our stability of pork. Meat Science 63: 199–209. PMID: 22062180
33. Rowe LJ, Maddock KR, Lonergan SM, Huff-Lonergan E (2004) Oxidative environments decrease ten-
derization of beef steaks through inactivation of mu-calpain. Journal of Animal Science 82: 3254–
3266. PMID: 15542472
Proteome Profiles Predict Pork Water Holding Capacity
PLOS ONE | DOI:10.1371/journal.pone.0150605 March 7, 2016 23 / 25
34. Huff-Lonergan E, Mitsuhashi T, Beekman DD, Parrish FC Jr, Olson DG, Robson RM (1996) Proteolysis
of specific muscle structural proteins by mu-calpain at low pH and temperature is similar to degradation
in post mortem bovine muscle. Journal of Animal Science 74: 993–1008. PMID: 8726731
35. Taylor RG, Tassy C, Briand M, Robert N, Briand Y, Ouali A (1995) Proteolytic activity of proteasome on
myofibrillar structures. Molecular Biology Reports 21: 71–73. PMID: 7565668
36. Morrison EH, Mielche MM, Purslow PP (1998) Immunolocalisation of intermediate filament proteins in
porcine meat. Fibre type and muscle specific variations during conditioning. Meat Science 50: 91–104.
doi: 10.1016/S0309-1740(98)00019-9 PMID: 22060812
37. Pulford DJ, Dobbie P, Vazquez SF, Fraser-Smith E, Frost DA, Morris CA (2009) Variation in bull beef
quality due to ultimate muscle pH is correlated to endopeptidase and small heat shock protein levels.
Meat Science 83: 1–9. doi: 10.1016/j.meatsci.2008.11.008 PMID: 20416615
38. Lametsch R, Karlsson A, Rosenvold K, Andersen HJ, Roepstorff P, Bendixen E (2003) Post mortem
proteome changes of porcine muscle related to tenderness. Journal of Agricultural and Food Chemistry
51: 6992–6997. PMID: 14611160
39. Ouali A, Herrera-Mendez CH, Coulis G, Becila S, Boudjellal A, Aubry L, et al. (2006) Revisiting the con-
version of muscle into meat and the underlying mechanisms. Meat Science 74: 44–58. doi: 10.1016/j.
meatsci.2006.05.010 PMID: 22062715
40. Lomiwes D, Farouk MM, Wiklund E, Young OA (2014) Small heat shock proteins and their role in meat
tenderness: A review. Meat Science 96: 26–40. doi: 10.1016/j.meatsci.2013.06.008 PMID: 23896134
41. Huff-Lonergan E, Lonergan SM (2005) Mechanisms of water holding capacity of meat: The role of post
mortem biochemical and structural changes. Meat Science 71: 194–204. doi: 10.1016/j.meatsci.2005.
04.022 PMID: 22064064
42. Jessen F, Lametsch R, Bendixen E, Kjærsgård IVH, Jørgensen BM (2002) Extractin information from
two dimensional electrophoresis gels by partial least squares regression. Proteomics 2: 32–35. PMID:
11788989
43. Karp NA, Griffin JL, Lilley KS (2005) Application of partial least squares discriminant analysis to two
dimensional difference gel studies in expression proteomics. Proteomics 5: 81–90. PMID: 15744836
44. Shevade S, Keerthi S (2003) A simple and efficient algorithm for gene selection using sparse logistic
regression. Bioinformatics 19: 2246–2253. PMID: 14630653
45. Bhattacharyya S, Siegel E, Petersen G, Chari S, Suva L, Haun RS (2004) Diagnosis of Pancreatic Can-
cer Using Serum Proteomic Profiling. Neoplasia 6: 674–686. PMID: 15548376
46. Karl J, Wild N, Tacke M, Andres H, Garczarek U, Rollinger W, et al. Improved Diagnosis of Colorectal
Cancer Using a Combination of Fecal Occult Blood and Novel Fecal Protein Markers. Clinical Gastro-
enterology and Hepatology 6: 1122–1128. doi: 10.1016/j.cgh.2008.04.021 PMID: 18928937
47. Li J, Zhang Z, Rosenzweig J, Wang YY, Chan DW (2002) Proteomics and Bioinformatics Approaches
for Identification of Serum Biomarkers to Detect Breast Cancer. Clinical Chemistry 48: 1296–1304.
PMID: 12142387
48. Dworniczak B, Mirault ME (1987) Structure and expression of a human gene coding for a 71 kd heat
shock 'cognate' protein. Nucleic Acids Res 15: 5181–5197. PMID: 3037489
49. Bernard C, Cassar-Malek I, Le Cunff M, Dubroeucq H, Renand G, Hocquette JF (2007) New indicators
of beef sensory quality revealed by expression of specific genes. J Agric Food Chem 55: 5229–5237.
PMID: 17547415
50. Hwang IH, Park BY, Kim JH, Cho SH, Lee JM (2005) Assessment of postmortem proteolysis by gel-
based proteome analysis and its relationship to meat quality traits in pig longissimus. Meat Sci 69: 79–
91. doi: 10.1016/j.meatsci.2004.06.019 PMID: 22062642
51. Lametsch R, Bendixen E (2001) Proteome analysis applied to meat science: characterizing postmor-
tem changes in porcine muscle. J Agric Food Chem 49: 4531–4537. PMID: 11599984
52. Liu Y, Gampert L, Nething K, Steinacker JM (2006) Response and function of skeletal muscle heat
shock protein 70. Front Biosci 11: 2802–2827. PMID: 16720354
53. Pulford DJ, Dobbie P, Fraga Vazquez S, Fraser-Smith E, Frost DA, Morris CA (2009) Variation in bull
beef quality due to ultimate muscle pH is correlated to endopeptidase and small heat shock protein lev-
els. Meat Sci 83: 1–9. doi: 10.1016/j.meatsci.2008.11.008 PMID: 20416615
54. Sayd T, Morzel M, Chambon C, Franck M, Figwer P, Larzul C, et al. (2006) Proteome analysis of the
sarcoplasmic fraction of pig semimembranosus muscle: implications on meat color development. J
Agric Food Chem 54: 2732–2737. PMID: 16569068
55. Almgren CM, Olson LE (1999) Moderate hypoxia increases heat shock protein 90 expression in
excised rat aorta. J Vasc Res 36: 363–371. PMID: 10559676
Proteome Profiles Predict Pork Water Holding Capacity
PLOS ONE | DOI:10.1371/journal.pone.0150605 March 7, 2016 24 / 25
56. Beere HM (2004) "The stress of dying": the role of heat shock proteins in the regulation of apoptosis. J
Cell Sci 117: 2641–2651. PMID: 15169835
57. Gonzalez B, Hernando R, Manso R (2000) Stress proteins of 70 kDa in chronically exercised skeletal
muscle. Pflugers Arch 440: 42–49. PMID: 10863996
58. Au Y (2004) The muscle ultrastructure: a structural perspective of the sarcomere. Cell Mol Life Sci 61:
3016–3033. PMID: 15583864
59. Kazemi S, Ngadi M, Gariépy C (2011) Protein Denaturation in Pork Longissimus Muscle of Different
Quality Groups. Food and Bioprocess Technology 4: 102–106.
60. Boles JA, Parrish FC Jr, Huiatt TW, Robson RM (1992) Effect of porcine stress syndrome on the solubil-
ity and degradation of myofibrillar/cytoskeletal proteins. J Anim Sci 70: 454–464. PMID: 1548208
61. Warner RD, Kauffman RG, Greaser ML (1997) Muscle protein changes post mortem in relation to pork
quality traits. Meat Sci 45: 339–352. PMID: 22061472
62. Melody JL, Lonergan SM, Rowe LJ, Huiatt TW, Mayes MS, Huff-Lonergan E (2004) Early postmortem
biochemical factors influence tenderness and water-holding capacity of three porcine muscles. J Anim
Sci 82: 1195–1205. PMID: 15080343
63. Offer G, Trinick J (1983) On the mechanism of water holding in meat: The swelling and shrinking of
myofibrils. Meat Sci 8: 245–281. doi: 10.1016/0309-1740(83)90013-X PMID: 22055626
64. Lametsch R, Roepstorff P, Moller HS, Bendixen E (2004) Identification of myofibrillar substrates for mu-
calpain. Meat Sci 68: 515–521. doi: 10.1016/j.meatsci.2004.03.018 PMID: 22062527
65. Bernevic B, Petre BA, Galetskiy D, Werner C, Wicke M, Schellander K, et al. (2011) Degradation and
oxidation postmortem of myofibrillar proteins in porcine skeleton muscle revealed by high resolution
mass spectrometric proteome analysis. International Journal of Mass Spectrometry 305: 217–227.
66. Wilson GG, van Laack RLJM (1999) Sarcoplasmic proteins influence water-holding capacity of pork
myofibrils. Journal of the Science of Food and Agriculture 79: 1939–1942.
67. Joo ST, Kauffman RG, Kim BC, Park GB (1999) The relationship of sarcoplasmic and myofibrillar pro-
tein solubility to colour and water-holding capacity in porcine longissimus muscle. Meat Sci 52: 291–
297. PMID: 22062578
68. Laville E, Sayd T, Terlouw C, Blinet S, Pinguet J, Fillaut M, et al. (2009) Differences in pig muscle prote-
ome according to HAL genotype: implications for meat quality defects. J Agric Food Chem 57: 4913–
4923. doi: 10.1021/jf900286x PMID: 19449875
69. Huff Lonergan E, ZhangW, Lonergan SM (2010) Biochemistry of postmortemmuscle—lessons on
mechanisms of meat tenderization. Meat Sci 86: 184–195. doi: 10.1016/j.meatsci.2010.05.004 PMID:
20566247
70. Crichton RR, Charloteaux-Wauters M (1987) Iron transport and storage. Eur J Biochem 164: 485–506.
PMID: 3032619
71. Lopez-Barneo J, Pardal R, Ortega-Saenz P (2001) Cellular mechanism of oxygen sensing. Annu Rev
Physiol 63: 259–287. PMID: 11181957
72. Bendall JR, Swatland HJ (1988) A review of the relationships of pH with physical aspects of pork qual-
ity. Meat Science 24: 85–126. doi: 10.1016/0309-1740(88)90052-6 PMID: 22055884
73. Kauffman RG, SybesmaW, Smulders FJM, EikelenboomG, Engel B, van Laack RL, et al. (1993) The
effectiveness of examining early post mortemmusculature to predict ultimate pork quality. Meat Sci-
ence 34: 283–300. doi: 10.1016/0309-1740(93)90078-V PMID: 22060738
74. Huff-Lonergan E, Lonergan SM (2005) Mechanisms of water-holding capacity of meat: The role of post-
mortem biochemical and structural changes. Meat Sci 71: 194–204. doi: 10.1016/j.meatsci.2005.04.
022 PMID: 22064064
75. Geesink GH, Koohmaraie M (1999) Effect of calpastatin on degradation of myofibrillar proteins by mu-
calpain under postmortem conditions. J Anim Sci 77: 2685–2692. PMID: 10521028
76. Golenhofen N, Perng MD, Quinlan RA, Drenckhahn D (2004) Comparison of the small heat shock pro-
teins aB-crystallin, MKBP, HSP25, HSP20, and cvHSP in heart and skeletal muscle. Histochemistry
and Cell Biology 122: 415–425. PMID: 15480735
Proteome Profiles Predict Pork Water Holding Capacity
PLOS ONE | DOI:10.1371/journal.pone.0150605 March 7, 2016 25 / 25
